This study evaluated the radiopacity of different resin-based luting materials and compared the results to human and bovine dental hard tissues. Disc specimens (N=130, n=10 per group) (diameter: 6 mm, thickness: 1 mm) were prepared from 10 resin-based and 3 conventional luting cements. Human canine dentin (n=10), bovine enamel (n=10), bovine dentin (n=10) and Aluminium (Al) step wedge were used as references. The optical density values of each material were measured from radiographic images using a transmission densitometer. Al step wedge thickness and optical density values were plotted and equivalent Al thickness values were determined for radiopacity measurements of each material. The radiopacity values of conventional cements and two resin luting materials (Rely X Unicem and Variolink II), were significantly higher than that of bovine enamel that could be preferred for restorations cemented on enamel. Since all examined resin-based luting materials showed radiopacity values equivalent to or greater than that of human and bovine dentin, they could be considered suitable for the restorations cemented on dentin.
INTRODUCTION
All-ceramic restorations are becoming increasingly popular in dentistry due to their outstanding esthetics and high strength 1) . Especially for minimal invasive all-ceramic restorations such as inlays, onlays, laminates, adhesive cementation is a prerequisite. Resin-based luting materials considerably increase the resistance of all-ceramic restorations under occlusal loading [2] [3] [4] [5] [6] . Resinbonding also reduces microleakage compared to conventional cements 7) . In particular for esthetic anterior restorations, translucent ceramic materials are preferred where the choice of luting agent has a substantial influence on the outcome 8) . Expanded kits of resin cements with multiple shades are available deriving their shades and opacity from various fillers 2, 9) . The color stability and thereby radiopacity of resin-based luting materials is also of great importance. Among many variables that affect the color stability of resin-based restorative materials or luting-agents, radiopaque fillers play a significant role [10] [11] [12] . While the amine accelerator necessary for dual polymerization may also cause color change of the luting agent over time 13) , photo-polymerizing resin-based luting materials are preferred due to their color stability 14, 15) . Non-metallic inlays, onlays, all-ceramic crowns and fixed dental prosthesis (FDP) are typically cemented using dual polymerized resin cements [3] [4] [5] 16, 17) . On the other hand, chemically polymerizing resin cements are advised for the cementation of prefabricated posts, radiolucent non-metallic posts, carbon-fiber posts, gold inlay/onlay restorations, metallic crowns and FDPs 17, 18) . Radiopacity is an important feature of esthetic resin-based luting materials 18, 19) . It is essential that such materials be sufficiently radiopaque to permit detection of marginal overhangs, open gingival margins, as well as recurrent caries in the gingival areas 18, 20, 21) . When the luting agent is not radiopaque enough, it is impossible to detect excess luting agent or caries radiographically 20) . Ideally, restorative materials should have radiopacity values equivalent to or greater than that of dentin [22] [23] [24] [25] . Previous studies used different methods to evaluate the radiopacity of dental materials [26] [27] [28] [29] [30] . In fact, the International Organization for Standardization (ISO) has published radiopacity evaluation protocol and set guidelines for radiopacity of polymer-based filling, restorative and luting materials 31) . According to the protocol, the radiopacity of a dental material is expressed as optical density value or in terms of equivalent aluminium (Al) thickness (in millimeters) using a reference calibration curve under controlled radiographic conditions 32) . Consequently, such materials should have radiopacity level equal to or greater than that of Al 32) . Filler type and amount of radiopaque fillers may influence the radiopacity of resin-based materials 33) . Although filler type does not affect the degree of conversion and polymerization shrinkage of resin composites, the radiopaque particles increase the thermal expansion, hydrolyze the silane bonding agent, and cause opacity 12) . Quartz and silica fillers on the other hand are not radiopaque. Therefore, it can be anticipated that cements containing such fillers would present less radiopacity compared to those of conventional cements. Some of these resin cements are available in different shades. Since primarily the composition of the cements remains the same, no significant difference could be expected between different shades. Radiopacity level of conventional or resin-based cements may influence the detection of caries or the evaluation of integrity of the restoration margins. From clinically and biological standpoint, radiopacity level of cements in relation to dentin and enamel could influence choice of cements for tooth-colored indirect restorations.
The purpose of this study was to evaluate the radiopacity of different resin-based luting materials, conventional cements and compare the values to those of human and bovine dental hard tissues and Al step wedge, as the control. The hypothesis tested were that a) resin-based luting cements containing glass particles would show similar radiopacity values, b) resin cements would present less radiopacity compared to conventional cements, and c) different shades of resin cements would show similar radiopacity values.
MATERIALS AND METHODS

Specimen preparation
Disc specimens (N=130, n=10 per group) (diameter: 6 mm, thickness: 1 mm) were prepared from from 10 resin-based and 3 conventional luting cements. The thickness of the secimens were set to 1 mm in accordance with the ISO Standard 4049 31) . The materials, their chemical compositions, manufacturers and batch numbers are listed in Table 1 .
Cements were mixed according to each manufacturer's instructions and compressed between two glass slides in the mold during photo-polymerization (Hilux Ledmax 1040, Darphie Ltd., Bangkok, Thailand). All materials were polymerized for 40 s from a constant distance of 2 mm from the surface. Light output was minimum 500 mW/cm 2 measured with a radiometer (Hilux Ledmax 1040) after every 10 specimens.
All specimens were ground finished to 400-grit silicon carbide paper (Struers, Willich, Germany) under water to create flat surfaces. Thickness of the specimens was measured with a digital caliper (Youfound Precision Co. Ltd, Zhejiang, China) with a critical tolerance of 1±0.01 mm. All specimens were ultrasonically cleaned in distilled water for 5 min (Eurosonic 4D, Euronda S.p.A., Vicenza, Italy). All specimens were then kept in distilled water at 37°C for 24 h. Samples of human canine dentin (n=10), bovine dentin (n=10), bovine enamel (n=10) were used as reference of radiopacity, whereas an Al step wedge was used to internal control of radiopacity. Ten enamel and dentin disk specimens were prepared from mandibular bovine incisors (diameter: 6 mm, thickness: 1 mm) by longitudinal sectioning of the buccal side of the teeth after separating the roots. Longitudinal sections of human dentin were also prepared to the same thickness using a micro-slicing device (Accutom, Struers Co, Copenhagen, Denmark).
Radiopacity analysis
An Al step wedge was machined from a single Al block (Alu-Keil, PEHA Medikal Geräte GmbH, Sulzbach, Germany) using electrical discharge machining technique. The maximum thickness of the step wedge was 8 mm where each step had a thickness of 1 mm, length of 4 mm, and width of 14 mm. The Al step wedge was used to internal control of radiopacity. One specimen of each material, bovine enamel, bovine dentin and human dentin and an Al step wedge were positioned side by side on occlusal D speed radiographic film (Kodak Ultra-speed, Eastman Kodak Company, Rochester, NY) (Fig. 1) . A special holder was mounted to ensure a fixed focus/film distance. The films were exposed for 0.38 s with a dental X-ray system (Trophy, Vincennes, France) at 70 kV and 8 mA where the object-to-film distance was 30 cm. All films were processed immediately in a standard automatic processor (Velopex Extra-X, Medivance, Harlesden, UK) using fresh developer and fixer (Velopex Ready Mixed Developer and Fixer, Hexagon International Ltd, Berkhamsted, UK) (Fig. 2) . The optical densities of the radiographic images were measured with a transmission densitometer (Pehamed Denso-Dent Densitometer, PEHA Medikal Geräte GmbH, Sulzbach, Germany). Means of at least 3 readings per specimen was measured with an aperture size of 3 mm (DIN 6868/55). Following the method previously described elsewhere 23) , a graph were plotted to illustrate the relationship between the step wedge thickness and optical density values with the following equation: [y=−0.5296Ln(x)+2.1971]. From that graph, optical density values of the specimens were used to determine the equivalent Al thickness (eq Al) values (Fig. 3) .
Statistical analysis
Statistical analysis was performed using SPSS 13.0 for Windows (SPSS Inc., Chicago, IL). Data were analyzed using one-way analysis of variance (ANOVA), KruskalWallis and Student-Newman-Keuls multiple range tests (=0.05).
RESULTS
Significant difference was observed between radiopacity values of the tested materials (Kruskal-Wallis) (p<0.0001) ( Table 2) . Among conventional cements, zinc phosphate cement showed the highest radiopacity (p<0.0001) (7.845±1.011) followed by zinc polycarboxylate (6.290±0.379) and glass-ionomer (1.808±0.258). From Fig. 1 One specimen from each test material, bovine dentin and enamel, a human canine slice and Al step wedge positioned on an occlusal radiograph. conventional cements only zinc phosphate and zinc polycarboxylate showed significantly higher radiopacity compared to bovine enamel (1.808±0.262). All conventional cements tested showed significantly higher radiopacity than those of human dentin (1.254±0.220) and bovine dentin (1.358±0.174) (p<0.0001) both of which were not significant (p>0.05). All resin based luting materials (1.441±0.178-4.371±0.410) showed similar to or significantly higher radiopacity values than those of human and bovine dentin.
The radiopacity values of resin luting materials Rely X Unicem (2.102-2.245) and Variolink II (4.072-4.371) were significantly higher than that of bovine enamel (1.808±0.262) being also significant from each other.
DISCUSSION
Radiopacity of a material can be simply defined as the inverse of the optical density of a radiographic image. Optical density value is a logarithmic measure of the ratio of the transmitted-to-incident light through the film image, measured by the transmission densitometry.
Optical density values depend not only on the inherent X-ray absorption properties of the materials, but also on the characteristics of the film (fog and base density), its exposure parameters, and processing conditions 34) . Therefore, in this study, the equivalent Al thickness values were also calculated in order to compare the results with a reference material. In this study, the results were also compared to human dentin, bovine enamel and bovine dentin. Bovine enamel and dentin were used as it was reported to present similar morphological and histological properties compared to human teeth 17, 27) . Bovine teeth also permitted to make disc-shaped enamel specimens of 1 mm in thickness and 6 mm in diameter that was technically not possible with the human teeth. Since the aperture of the transmission densitometer was 3 mm in diameter, it allowed for the measurement of an area of 7 mm 2 . For this reason, disks with a diameter of 6 mm were obtained from the enamel of bovine mandibular incisor which was not possible in human enamel 27) . It was previously reported that density of a radiopaque resin-based materials should be more than that of dentin and similar to or slightly higher than that of enamel 12) . The use of materials with radiopacity close to or less than dentin may result in diagnostic challenges 25) . Conversely, too much radiopacity as in amalgam, can interfere with the detection of voids and recurrent caries and consequently, diagnostic discrimination in areas covered by the restoration may decrease 32) . A radiopacity slightly greater than that of enamel assist in distinguishing between restorations and carious affected or infected tooth structure as well as determining homogeneity of the luting cement 35) . According to the results of this study, considerable differences were observed between the radiopacity values of resin-based luting materials tested. Those of the cements containing similar filler types showed Table 2 Means and standard deviations (SD) of optical density and equivalent Aluminium (Al) step wedge thickness values of the tested materials, human dentin (HD), bovine dentin (BD) and bovine enamel (BE) and statistical differences between groups. See Table 1 significant differences. Therefore the first hypothesis could be rejected. All materials had radiopacity values equivalent to or greater than that of human and bovine dentin. Since significant differences in mean radiopacity values were observed between the conventional and resin-based luting materials, the second hypothesis was accepted. On the other hand, as anticipated, cements of the same kind with different shades did not show significant differences yielding to acceptance of the third hypothesis.
The radiopacity values were compared to bovine dentin and human dentin both of which did not show significant differences from one another indicating that bovine dentin could substitute human dentin with its similar morphological and histological characteristics 36) . Variability in radiopacity values reported in different studies could be attributed to many factors. Resin composites are typically composed of inorganic fillers dispersed in a resin matrix 10, 12) . The radiopacity of a resin-based material depends in part on selection of the polymer matrix, chemical nature of the filler particles, their size, density and an amount in the resin matrix 10, 11) . While resin matrices such as bisphenol-A-glycidyl methacrylate (Bis-GMA), urethane dimethacrylate (UDMA), 10-methacryloyloxydecyl dihydrogen phosphate (MDP), triethyleneglycol dimethacrylate (TEGDMA), 2-hydroxyethyl methacrylate (HEMA) contribute little to the radiopacity of the material, it is typically the inorganic filler component that contributes most to the radiopacity of resin-based luting materials 2, 18) . However, the findings of this study clearly indicate that both MDP and HEMA could have influenced radiopacity values as the inorganic filler types were similar in these resin cements. The effect of the matrix type on the radiopacity of resin cements requires further investigations.
In resin-based materials, barium, yttrium, ytterbium, zinc, aluminium, strontium, and zirconium are additives that increase radiopacity 10, 37) . Among the tested resin cements, dual-polymerized and photopolymerized Variolink II presented radiopacity values significantly higher than that of bovine enamel. Both of these cements showed similar radiopacity that could be attributed to the composition of the catalyst that gives the radiopacity to both dual and photo-polymerizing cements. The filler content (ytterbium trifluoride) was also similar in these two cements possibly being responsible from similar radiopacity values obtained 18, 19) . As expected, different shades of self-adhesive cement, Rely X Unicem and Rely X ARC, also did not show significant differences since the major effect in the shades are obtained from oxides, which probably did not interfere with the overall radiopacity. Although the filler content was higher than that of Variolink II, radiopacity was significantly less than those of Variolink II dual and photo-polymerized cements. The difference could be due to the high content of glass particles (85-95 wt%) in Rely X Unicem according to the manufacturer's information. When conventional cements are compared, the higher radiopacity of zinc polycarboxylate and zinc phosphate more than glass-ionomer could be explained with the magnesium oxide and to glass ionomer, fluoroaluminosilicate glass and barium filler particles, contributing to the radiopacity.
Although radiolucent resin-based luting agents may have optical advantages, the overhangs may not be controlled properly and recurrent decay may not be detected. Their use should be particularly contraindicated in situations where the margins are located in areas that have difficult access 25) . In an in-vitro study, excess cement could not be detected in association with radiopaque resin composite inlays, even with the most radiopaque materials, but they could be detected easier adjacent to radiolucent porcelain inlays 21) . The use of radiopaque resin-based luting materials is therefore especially important in combination with radiolucent restorations such as ceramic laminate veneers, inlays, onlays and fiber posts or in restorations with subgingivally located margins 18, 20, 22) . Although, postcementation protocols do not presently include routine radiographic examination, inaccurate removal of cement excess may lead to periodontal problems 30) . Particularly when cement film thickness is less than 25-50 µm after cementation, it is favourable to use the highest radiopaque cement possible in order to be detected easily in the radiographs 21, 33) . Radiographic density is directly obtained from digital image analysis. The pixels already available in grey shades provide the values straight at a scale of 0 to 255 through the sofware 38) . For this reason, direct or indirect digital image analysis is considered as a fast and easy resource for interpreting radiographic density of the restorative materials in dental practice 38) . The advantages of direct digital systems are immediate image capture, lack of processing chemicals and high sensitivity to radiation exposure 39) . Although direct or indirect digital dental radiology systems are preferred to study the radiopacity of a material due to low irradiation dose, instant image, image manipulation, the X-ray film technique is widely used by researchers and manufacturers and it is still considered as a golden standard technique 18, 26, 34) . Hence, the choice between direct and indirect digital image analysis and transmission densitometry requires further investigations.
Variation in radiopacity measurements of the same restorative materials among different studies depends on a number of factors, including speed of the X-ray film, exposure time, voltage used and the age of the developing and fixing solutions 23) . Furthermore, source-film distance, intensifying screens, grids and specimen thickness are also among factors that affect the radiopacity values. Among resin cements, although the radiopacity of Variolink II was the highest in this study and in previous studies 18, 19) , the equivalent Al values were different. While Rubo and El-Mowafy 18) used 2.5 mm thick specimens with focus-object distance of 40 cm at 65 kV, Tsuge 19 ) used 2.3 mm thick specimens and focus-object distance of 35 cm at 60 kV. In this study, object-to-film distance was 30 cm at 70 kV. ISO standards require the minimum radiopacity of restorative materials be equal to or greater than that of an equivalent thickness of Al 31) . Although the radiopacity of dentin and enamel specimens varies, pure Al provides a constant reference value 32) . In this present study, all materials had greater equivalent thickness of Al, indicating that they all fulfilled the ISO requirements.
One limitation of this study was that the oral environment was not simulated. In the oral environment factors such as oral fluids, soft tissues and the surrounding dental structures may affect the radiopacity levels of restorative materials in that low density restorative materials become more visible on a radiograph when the soft tissue and hard dental structures are superimposed. Furthermore, leakage of ions from silicone, barium, strontium, and sodium filler particles into the aqueous medium may result in reduced radiopacity 40) . Future studies are warranted to study the radiopacity of luting cements after aging.
CONCLUSIONS
All examined resin-based luting materials showed radiopacity values equivalent to or greater than that of human and bovine dentin but not necessarily higher than that of bovine enamel. Due to the higher radiopacity values of conventional cements and Rely X Unicem and Variolink II resin cements than that of bovine enamel, they could be preferred for restorations cemented on enamel. Since all examined resin-based luting materials showed radiopacity values equivalent to or greater than that of human and bovine dentin, they could be considered suitable for the restorations cemented on dentin.
